Introduction
In red deer Cervus elaphus (Linnaeus 1758) studies that related variations in size and body mass to a variation in habitat quality showed that body measurements are relevant indices of the general condition of a population in a certain habitat (Beninde 1937 , Ahlen 1965 , Mitchell et al. 1977 , Buchli 1979 , Clutton--Brock et al. 1982 , Langvatn 1986 ). Yet, as body measurements vary with age, corrections for age-effects are of first importance. Different approaches have been used to correct for age-effects: data have been analysed per age-class (Hesselton and Sauer 1973, Roseberry and Klimstra 1975) ; only for adults (Buchli 1979, Fandos and Vigal 1988) ; corrected using the residuals of a regression analysis with age as an independent variable Albon 1986, Frampton and Nugent 1992) ; or using analysis of variance with age as a factor (Clutton-Brock and Albon 1983, Brisbin and Lenartz 1984) . Another approach is the correction of a morphological measurement more sensitive to habitat differences by dividing it by another more stable measurement (leg bone length or size) (Klein 1964 , Eiberle 1965 , Gobbe 1971 , Roseberry and Klimstra 1975 .
Still another possibility is to fit a growth curve, describing the dynamics of the morphological measurement along an age gradient, and evaluate the effect of habitat quality on the parameters of the curve (Fendley and Brisbin 1977 , Brisbin et al. 1986a , b, 1987 . In large mammals, growth equations have also been used to investigate the evolution of growth with age (Western et al. 1983 , Zullinger et al. 1984 , Fandos and Vigal 1988 , Fuller et al. 1989 and the effects of different factors on growth rate or size of animals have been assessed (Kingsley 1979 , Chesser and Smith 1987 , Leberg et al. 1992 . However, although growth and development of red deer has often been described, neither data on growth curve parameters nor studies on the influence of different factors on these parameters have, to our knowledge, yet been published.
Previously we showed that, in male and female red deer calves (± 6 months old) from four areas of the Hautes-Fagnes (Ardennes), the body mass, the posterior length and the diastema length of the lower jaw, in decreasing order, were parameters influenced by differences in habitat quality and, hence, could be considered as ecological indices of the deer-habitat relationship . Here, we extend our analysis to all age-classes in the female population, adding also data on a fifth habitat, considered as "excellent" according to the classification of Ueckermann (1960) .
In this paper we (1) compare, using multivariate and univariate analyses, body mass, diastema length and posterior length of the lower jaw between habitats and age-classes, investigating whether some age-classes and measurements are more appropriate for studying habitat effects, (2) calculate separate growth curves per habitat, investigating the effects of habitat quality on the growth coefficient and the asymptotic value of these curves.
Materials and methods

Study areas
Four study areas (Elsenborn, Walhorn, Eupen and Hertogenwald), totalling 24 000 ha, are situated in the 'Massif forestier des Hautes-Fagnes', eastern Belgium, at an altitude of 500 to 600 m. The forests are dominated by Picea abies, with Sphagnum marshes, Calluna vulgaris, Vaccinium sp. and especially Molinia caerulea on the highest elevations. Details on the vegetation and management of the deer population are given in . A fifth study area of 4800 ha Fig. 1 . Geographic distribution of red deer throughout Belgium (shaded areas) and location of the 5 study areas.
(Famenne) lies in the forest area of Haute-Lesse (Fig. 1) . It is a mixed forest (70% deciduous, 30% coniferous trees) dominated by Quercus petraea and Pinus sylvestris. Under the latter a rich undergrowth of Prunus spinosa, Crataegus oxyacantha, C. monogyna, Rosa spp. is present, providing an optimal deer habitat. Within the forest, open cultivated areas offer good feeding patches for red deer. Table 1 gives for the five areas: the range quality value, the corresponding economic carrying capacity, the estimated density, and the percentage of overpopulation. The range quality value is calculated according to Ueckermann's (1960) rating system and is currently used in Western Europe as an index of forage availability both in quantity and quality; this index is based on four characteristics of the habitat: (1) quality of the substrate, (2) percentage of perimeter of the area facing cultivated lands, (3) percentage of area with open feeding grounds, and (4) tree species composition Ueckermann's (1960) rating system]. The estimated density is obtained both from spring censuses and from population sizes deduced from annual deer culls. of the forest area. The carrying capacity is that recommanded by Ueckermann (1960) if winter feeding is provided. The estimated density was obtained both from census data collected in spring and from population data deduced from annual deer culls. The percentage of overpopulation is calculated as follows: [(estimated density minus carrying capacity) x 100 / economic carrying capacity]. Detailed data concerning genetic variation of the different populations studied are lacking. However, the deer populations in the four Hautes-Fagnes areas are assumed to be genetically similar because of their geographic proximity and probable interbreeding (de Crombrugghe and Herman 1989) . Significative genetic differences between the deer population of the Famenne area and the other populations could normally be excluded because of a general exchange still occurring between the different red deer populations of Belgium.
Collection of the material
Measurements were taken from 1359 adult and yearling females and 855 female calves between 15 September and 31 December (1982 December ( -1989 in the four areas of the Massif forestier des Hautes--Fagnes and between the end of October and end of November (1985, 1986, 1987 and 1989) in the Famenne area. Methods of shooting and collection of samples are described elsewhere (de . The following measurements were used: (1) field dressed weight (BM): eviscerated body mass with head, to the nearest 1 kg (Langvatn 1977) ; (2) diastema length (DL): distance between the most anterior point of the socket of the anterior premolar and the most posterior point of the socket of the corner incisor; (3) posterior length of the lower jaw (PL): was obtained by substracting DL from the total length (TL) of the lower jaw; TL was measured from the most posterior point of the socket of the corner incisor to the most posterior rim of the angle of ramus ascendens. Skeletal measurements were taken to the nearest 0.1 mm using calipers.
All animals were aged according to age-classes based on tooth eruption and wear (Muller-Using 1976, de Crombrugghe 1976) (Table 2 ). For use in growth curves, age in days was determined using the mean parturition date of 1 June (Rieck 1955 ) and the date the animals were culled.
Age specific differences between deer in different habitats
Since the mean culling date varied significantly between areas, data for calves collected during a period of fast growth, had to be corrected so that all weights and jaw measurements referred to the same age. Corrections would be made by the same procedure as in BM adjusted = BM + [161 -age (days)] x 0.049 BM in kg DL adjusted = DL + [161 -age (days)] x 0.4872 DL in cm PL adjusted = PL + [161 -age (days)] x 1.1517 PL in cm (161 corresponds to the age in days at the mean culling date). Adult animals of four years and over were grouped in one class (> 4 year). No animal was included in the analysis unless the three measurements were available.
Effects of area, age, year and their interactions, on body mass, diastema length and posterior length of the lower jaw taken together, were analysed using an unbalanced three-way multivariate analysis of variance (MANOVA in GLM subroutine of SAS 1985) . Canonical discriminant analysis on data combined across years was performed for each age-class separately (CANDISC subroutine of SAS 1985) . Comparisons between habitats were based on the Mahalanobis distance.
Because one or the other of the three measurements could be missing, effects of area, age, year and their interactions were also assessed on body mass, diastema length and posterior length of the lower jaw taken separately, using an unbalanced three-way univariate analyses of variance (GLM subroutine of SAS 1985) . Effects of area for data combined across years, were assessed for each age-class separately with a one-way ANOVA. Differences between habitats were tested using a SCHEFFE-test (Sokal and Rohlf 1981) .
Differences between habitats in growth curves
To fit the body mass-age and jaw length-age data, we tested three growth models, with successively four, three and two estimated parameters. The growth model used is the reparameterized Richards equation (Brisbin et al. 1986a ) with four parameters, and with successively one and two fixed parameters. The reparameterized Richards equation is:
where: Wt -the body mass or jaw length at age t, W^ -the asymptotic mass or length, T -the growth period indicative of growth rate (Brisbin et al. 1986a , Leberg et al. 1989 , Wo -the birth mass or birth length, and m -the Richards shape parameter. The second model is a particular case of the Richards function, where m has a fixed value of 0.67 (Richards 1959 , Brisbin et al. 1986a ) and corresponds to the Von Bertalanffy equation. This equation may also be written:
where: Wt -the body mass or the jaw length at age t, W,^ -the asymptotic body mass or jaw length, k -a growth-coefficient, and to -the age (in years) at which body mass or jaw length is supposed to be 0, i.e. related to the conception date. In the third model, we fixed to at -0.6538, corresponding to the gestation period of 34 weeks (in years) (Thome 1980 , Von Raesfeld 1964 , because values of to were difficult to determine precisely (Frampton and Nugent 1992) , and therefore we reduced the Von Bertalanffy equation to two parameters:
The reparameterized Richards equation (four parameters), the Von Bertalanffy equation (three parmeters) and the "to fixed" Von Bertalanffy equation (two parameters) were fitted to mass-age data and jaw length-age data using the NLIN subroutine of SAS (1985) . The secant method (DUD) of iteration was used to obtain estimates of the parameters.
The F-test (White and Brisbin 1980 ) was used to determine if curves differed between habitats. If differences were detected, a second F-test was used to determine whether the difference was due to or T (equation 1) or W x or k (equations 2 and 3) Brisbin 1980, Leberg et al. 1992) .
Results
Differences between deer in different habitats
The mean culling date varied significantly between areas {FA, 2209 = 74.67, p < 0.0001) and data for calves have been adjusted to a mean age of 161 days. Multivariate analysis of variance showed highly significant effects of age, area, year and their 2-and 3-factors interactions (Table 3) . Since the effects due to annual variation, age-year, area-year and age-area-year interactions were very small compared with age and area effects, data were combined across years in the following analyses. In order to investigate whether some age-classes are more appropriate to study area effects and because of the significant age-area interaction, we tested for differences between areas for each age class separately. Differences between areas for BM, PL and DL taken together, was highly significant for each age class (Table 4 ). The first canonical variable explained 88 to 97% of the variability (Table 5 ) and was most correlated with BM, less (but still significantly) so with DL and PL. PL was the second more correlated variable for the 0-, 1-and 2-year-old classes and DL for the 3-and > 4-year old classes respectively (Table 6) . For yearlings only, the second canonical variable was also significant and was the most correlated with PL. Yearlings and > 4-year-old female deer of the different areas could be separated on basis of BM, DL and PL in four significantly different groups classified in the following order (Table 7) : Famenne > Elsenborn > Walhorn = Eupen > Hertogenwald. Age-class, area and year affected also significantly each of the three variables taken separately (Table 3) . A significant age-area interaction was found for BM and PL but not for DL, age-year interaction was significant for the three measurements and area-year interaction was significant for DL and PL but not for BM. The 3-factors interaction was not significant for any of the three variables. Between area variation in BM was highly significant for all age classes (Table 4) . Both jaw measurements (DL and PL) showed a larger between area variation for calves and yearlings, while other age-class differences were smaller, but still significant, except for DL of 2-year olds (Table 4) . Calves and yearlings can be divided into three groups, based on BM or PL (Table 7) . They are largest and heaviest in Famenne, intermediate at Elsenborn, Walhorn and Eupen, and smallest and lightest at Hertogenwald. Yearlings from Elsenborn also weighed significantly more than those from Eupen.
Differences between habitats in growth curves
Growth model
The fitting of our data was better with the reparameterized Richards equation with four parameters than with the Von Bertalanffy equation with three parameters or with the "to fixed" Von Bertalanffy equation with two parameters. Yet, the accuracy of the estimated parameters decreased greatly with an increasing number of estimated parameters, especially for the parameters other than the asymptotic mass or length.
A significant effect of habitat on the three growth curves and on asymptotic mass or asymptotic length were obtained, independently of the growth model used. The effect of habitat on the growth coefficient appeared similar when data were fitted with the reparameterized Richards equation (1) or with the "to fixed" Von Bertalanffy equation (3) but differed from results obtained when data were fitted with the Von Bertalanffy equation (2).
The growth parameters T, m and Wo of the Richards equation (1) and the growth parameters k and to of the Von Bertalanffy equation (2) were higly intercorrelated, with r = 0.925 to 0.999. Fitting the DL-age data appeared to be very hazardous (with the Richards equation particularly), since the parameters were very difficult to estimate, depending greatly upon the starting values of the iteration so that estimated values were quite uninterpretable.
Consequently, in the remaining part of this paper, only results obtained with the "to fixed" Von Bertalanffy equation (3) will be presented.
Differences between habitats in growth curves
The BM-age and the (DL and PL) jaw length-age regression equations were different between habitats (BM-age: Fs, 2124 = 77.1, p < 0.0001; DL-age: Fs, 2073 = 11.4, p < 0.0001; PL-age: Fs, 1618 = 15.2, p < 0.0001) (Fig. 2a, b, c) 
Age (years)
Age (years) Age (years) Fig. 2b . Top left: to fixed Von Bertalanffy growth curves fit to individual measurements of diastema length of the lower jaw of female red deer for the 5 study areas (see Fig. 2a ). Next figures: for each study area, the to fixed Von Bertalanffy growth curve is shown with the diastema length of the lower jaw plotted against age.
than in Elsenborn which had a higher value than Walhorn and Eupen (Table 8) .
Finally Hertogenwald differed significantly from Walhorn. , Age (years) Fig. 2c . Top left: to fixed Von Bertalanffy growth curves fit to individual measurements of posterior length of the lower jaw of female red deer for the 5 study areas (see Fig. 2a ). Next figures: for each study area, the to fixed Von Bertalanffy growth curve is shown with the posterior length of the lower jaw plotted against age. Similar results were found for DL-age regressions, where asymptotic DL differed significantly between habitats {FA, 2073 = 9.35, p < 0.0001) but no significant difference was found for growth coefficients (F4, 2073 = 1.67, p = 0.154). The asymptotic DL in Famenne was significantly larger than in all other areas.
a? 10 Elsenborn
For PL-age equations, both asymptotic PL {FA, 1618 = 8.57, p < 0.0001) and growth coefficients {FA, 1618 = 3.15, p = 0.014) were significantly different between habitats. Deer from Famenne had significantly larger asymptotic PL than deer from other habitats, while deer from Walhorn and Elsenborn had larger PL than deer from Hertogenwald and the growth coefficient in Hertogenwald was significantly lower than in the Famenne area.
The growth coefficient for skeletal measurements was much larger than for BM. After 2 years, DL and PL have reached 97% of their theoretical maximum value, while BM reached 95% after 3 years and 97% after 4 years.
Discussion
Body measurements as age dependent condition indicators
Body mass (BM), posterior length of the lower jaw (PL) and diastema length (DL) of female red deer differed significantly between habitats both in uni-and multivariate analyses and this was true for all age classes, except for DL in 2-year-old females. However, measurements on 2-and 3-year-old female red deer were less successful in distinguishing habitats. This might be due to the critical criteria used for the age determination of our 2 and 3 year-old red deer (dental development and tooth-wear), which are different from those used for red deer from Rhum (Lowe 1967) . We observed personally a few male red deer 3 years of age, whose age had heen determined using cemental annuli counts, that presented tooth-wear and even tooth eruption characteristics of 2-year-old animals.
Differences between areas were most obvious when comparing the three variables together, with BM showing the highest correlation with the first canonical variable. Inter-area differences were most pronounced in calves and yearlings and, for the multivariate analysis only, in 4-year-old females.
Hence, long term effects of habitat quality on red deer could be studied using multivariate analysis of BM, PL and DL of 4-year-old females. For short-term effects of habitat quality on red deer, analyses should be limited to calves and yearlings.
Because the indication of the sex of calves reported on the culling-form is not always fully reliable and because of the necessity to adjust data relating to calves with regard to the date on which they were shot, yearling females represent the most appropriate age-class for the comparison of red deer populations living in different habitats. This is true not only for multivariate comparisons but also for BM and PL taken separately.
Considering, furthermore, that the measurement of BM in field conditions is not always reliable, the measuring in laboratory conditions of PL on yearling jaws appears to be a valuable alternative as an indice of habitat effects on red deer. Clutton-Brock et al. (1982) also found a higher sensitivity of calves and especially yearlings to environmental conditions, with increased mortality of both age-classes after harsh winters. According to Illius and Gordon (1990) , yearlings, having only one pair of adult incisors, should have a lower feeding efficiency on depleted resources than calves and especially adults with complete dentition. It is also this yearling-class that reacts most distinctly in terms of reproductive rate in response to increasing food availability (de Crombrugghe 1964) . Red deer yearlings thus appear to be the most suitable indicators of population condition.
Growth curves as condition indicators
The reparameterized Richards equation with four parameters was used to fit our data because this curve, with its shape parameter m , and thus its flexibility, appeared to be more adequate to fit data compared with other models in which the curve shape is fixed (Brisbin et al. 1986a) . However, on the one hand, accuracy of the estimated parameters decreases with increasing number of estimated parameters; this is of particular importance since differences in the effects of habitat on growth were assessed by comparing the growth parameters estimated for deer collected from the five habitats. On the other hand, the growth parameters T, m and Wo [reparameterized Richards equation (1)] and k and to [Von Bertalanffy equation (2)] were higly intercorrelated, so that little confidence can be placed in the estimates of these parameters (Debouche 1977) and that comparisons of growth coefficients between habitats are dubious. Moreover, values of m and Wo were aberrant and without possible interpretation. Leberg et al. (1989 Leberg et al. ( , 1992 suggested that asymptotic mass (WoJ and growth period (T) obtained from the Richards equation were relatively insensitive to nonuniform sampling and aging errors associated with harvest data collection but that the shape parameter m and Wo may be imprecise and biased and usually overestimated. Nevertheless, they thought that by allowing these parameters to vary, the estimates of W^ and T were improved (Leberg et al. 1992) . However, because the values of T obtained with our data were highly correlated with m and Wo, these T values appeared also very imprecise and biased. Hence, with the Von Bertalanffy equation (3), the estimate of the growth coefficient k could have been influenced by the fixed shape m and to (Brisbin et al. 1986a, b) and estimates of W^ and T obtained from the Richards equation appeared less sensitive to nonuniform sampling and aging errors than estimates obtained from the Von Bertalanffy equation (2) (Leberg et al. 1989) . Consequently, the greatest care must be taken in interpreting the growth coefficient estimates, obtained with the reparameterized Richards equation as well as with the Von Bertalanffy equation. However, quite similar results were obtained with both models: the growing periods of BM and PL of female deer from Hertogenwald were longer than those of female deer of other habitats, with significant differences for PL although confidence intervals overlapped in the case of the reparameterized Richards equation (1). Asymptotic values of BM and PL obtained from the reparameterized Richards equation (1) were respectively 0.5 to 2.5 kg lower and 0.06 to 0.37 cm longer than values obtained from the "to fixed" Von Bertalanffy equation (3) but habitats could be ranked in the same order independently of the growth model used, although significant grouping was somewhat different.
In most mammals, skeletal growth ends more rapidly than muscular growth or formation of fat tissue [(McMeekan 1940a, b, Palson and Verges 1952) quoted in Langvatn 1977] . In our red deer, skeletal growth of females was almost completed at 2-years of age, while body mass continued to increase up to 3-4 years of age. Most studies agree that red deer females reach maximum body mass when 3-4 years old (Gobbe 1971 , Mitchell et al. 1977 , Buchli 1979 , Langvatn and Albon 1986 , Maillard et al. 1989 , although for red deer females living in a poor habitat authors found an increase in body mass up to 5-6 years of age [Lowe 1971 , Illius and Gordon 1990 , (Klein quoted in Teillaud et al. 1991 ].
The attainment of higher body mass or higher skeletal development and more rapid growth are generally considered to be indicative of individuals in good condition living in good environmental conditions. Female deer from Famenne had largest asymptotic values of BM, DL and PL, significantly different from those found in the four other areas, while the asymptotic values from Hertogenwald were the smallest and those from Elsenborn, Walhorn and Eupen were intermediate. Female deer from Famenne would be expected to have a greater growth coefficient associated with their higher asymptotic values. But this is not the case in our study. Female deer from Famenne had actually a greater growth coefficient for PL but not for body mass or DL, and differences were only significant between Famenne and Hertogenwald. It could be suggested that, according to the principle of energy allocation (Levins 1968 quoted in Blondel 1979 , in Famenne, a particularly good quality habitat, a relatively more important part of energy could have been spent in skeletal growth during early development, before being fully useful to muscular and fat development later in life. And, in Hertogenwald, the poorest habitat, the skeletal growth rate of female calves could have been delayed when conditions were less favourable thus allowing the allocation of relatively more energy to the growth of muscular and fat tissue (Verme and Ozoga 1980 , Clutton-Brock et al. 1982 , Clutton-Brock 1991 : this could explain the shorter PL growth period for Famenne compared with that for Hertogenwald. On the other hand, female deer of the poorest habitat, i.e. Hertogenwald, had smaller growth coefficients of BM, DL and PL (difference were only significant for PL and between Hertogenwald and Famenne) associated with their smallest asymptotic values (but not significantly different from Eupen). It looks as if after exhibiting significantly lower BM and PL as calves and yearlings compared with the other areas (Table 3) , adult female deer of Hertogenwald could partially recover thanks to their longer growth period (Klein 1964, Hesselton and Sauer 1973) .
Management implication
The variation of the different parameters studied showed the same trend as the range quality value of Ueckermann (1960) , but seems not to be influenced by the percentage of overpopulation in Elsenborn and in the Famenne area (according to Table 1 ). However, if one had taken into account disturbance as a supplementary factor for determining this range quality value, then Elsenborn, a military domain of 2.350 ha, with an exceptional interspersion of cover and feeding areas in its summer range, and the study area of Famenne, both having a lot of areas with limited access to man, should have had a higher carrying capacity than that assessed by Ueckermann's (1960) rating system.
